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The phase diagram and stability limits of diatomic solid nitrogen have been explored in a wide
pressure–temperature range by several optical spectroscopic techniques. A newly characterized
narrow-gap semiconducting phase η has been found to exist in a range of 80–270 GPa and 10–510
K. The vibrational and optical properties of the η phase produced under these conditions indicate
that it is largely amorphous and back transforms to a new molecular phase. The band gap of the
η phase is found to decrease with pressure indicating possible metallization by band overlap above
280 GPa.
Despite early theoretical predictions for a transforma-
tion of nitrogen to a monoatomic state,1–3 reliable exper-
imental evidence became available only quite recently.4,5
Optical spectroscopy, visual observations and electri-
cal conductivity measurements showed that the material
transforms to a semiconducting non-diatomic phase at
150 GPa (190 GPa at 80 K).4,5 The transition to the
nonmolecular state was predicted to be hindered by a
large energy barrier and accompanied by a large vol-
ume discontinuity and hysteresis.2,3 The latter was con-
firmed by visual observations which indicated that the
high-pressure phase can be preserved to 17 GPa at low
temperatures.5
Characterization of the high-pressure phase (called η
here) still remains an important issue because of the lack
of structural studies and systematic spectroscopic data
at different P–T conditions. Optical absorption spectra4
reveal the presence of a low-frequency logarithmic Ur-
bach tail6 and a higher energy region, which obeys the
empirical Tauc law.7 This type of absorption edge is typi-
cal for amorphous semiconductors (see Ref. 8). Although
being quite diagnostic, this observation still requires con-
firmation, as a highly disordered high-pressure structure
is consistent with the nature of the transformation; i.e. a
large volume change at a reconstructive phase transition
can cause large shear stresses because of inhomogeneous
nucleation of the high-pressure phase (see Ref. 9). More-
over, experiments demonstrate that two phases coexist in
a wide pressure range (at 300 K),4 thus making the char-
acterization of the η phase even more difficult. Here we
present new optical data over a wide P–T range indicat-
ing that high-pressure non-molecular phase is a largely
amorphous, narrow gap semiconductor to at least 268
GPa. We examine the stability limits of the diatomic
molecular state and present evidence for new transfor-
mations, including metallization by band overlap above
280 GPa.
Four experiments were performed at room tempera-
ture with the maximum pressures varied from 180 to
268 GPa. Above 200 GPa pressure was determined us-
ing tunable red lines of Ti:sapphire laser combined with
time resolving technique (Fig. 1). For low-temperature
measurements we used a continuous-flow He cryostat,
which allowed infrared and in situ Raman/fluorescence
measurements.10 High-temperature Raman and visible
transmission measurements were performed with an ex-
ternally heated cell.11 In this case, infrared measurements
were done on samples quenched to room temperature.
Fig. 2 shows representative IR and visible transmis-
sion spectra demonstrating the effect of temperature on
the semiconducting optical edge characteristic of the η
phase. The spectra presented correspond to the condi-
tions when no molecular phase is present in the sample
as determined from vibrational spectroscopy (see below).
No variation of the shape and position of the band gap
can be detected from transmission spectra at different
temperatures and constant pressure of 200 GPa. Fig. 2b
shows that the low-energy portion of the spectra plot-
ted in logarithmic scale (Urbach plot) have a constant
slope (Γ) in a 10–200 K range. This also agrees with
300 K data,4 thus showing that Γ is not temperature
dependent. Similar spectra have been reported for amor-
phous phosphorus at zero pressure.13 This is typical for
solid amorphous semiconductors,8 because the random
microfield is caused by static disorder in the system as
opposed to crystalline materials6 where the vibrations
generate a temperature-dependent dynamical disorder.
Determination of the band gap from our data is a com-
plicated issue, because there is no characteristic feature
of the spectra which can be associated with the band gap
(e.g., Ref. 14). This is especially important for our mea-
surements, since we essentially deal with samples of var-
ious thickness (which is a function of anvil geometry and
pressure). As the result, visual observations of the sam-
ple above 230 GPa showed that it is red or yellowish in
transmission and black in reflection, which is consistent
with the semiconducting state. The color of the sample
(compare with the observations of dark nitrogen in Refs.
4,5,15,16) may be explained by its thickness (of the or-
der of 1 µm) compared to the samples brought to 150
GPa (up to 5 µm). At the highest pressure (268 GPa),
visible transmission spectra clearly show the presence of
the fundamental absorption edge characteristic of semi-
conductors (Fig. 2a). This result is in agreement with
direct electrical measurements performed to 240 GPa.5
The high-energy absorption edge, which can be ob-
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served in this case, corresponds to electronic transi-
tions between extended states (unlike Urbach absorption,
which is presumably caused by transitions from local-
ized to extended states). Extrapolation of the absorp-
tion spectra plotted as (hνα)0.5 versus hν gives the value
of optical gap.7 These values at different pressures are
shown in Fig. 3. Note that data from different experi-
ments agree, despite the different sample thickness and
the fact that some of the data are taken on pressure re-
lease in a metastable pressure region (see below). We
observed a monotonic red-shift of the band gap with pres-
sure (see also Fig. 2a). The pressure dependence of the
band gap is sublinear mainly due to contribution from
the points obtained on decompression. The extrapola-
tion of the band gap values gives metallization at pres-
sures slightly above 300 GPa. Linear extrapolation of this
curve to higher pressures (not taking into account points
obtained upon decompression) gives a value of 280 GPa.
We now present temperature measurements of the vi-
brational properties of the η phase. Type II diamonds
were used for mid-IR measurements to avoid interference
with the characteristic absorption of the sample. The
representative absorption spectra at different tempera-
tures (see Fig. 2) clearly show the presence of a broad
1700 cm−1 IR band (compare with Ref. 4). Its presence
was also observed in the sample heated to 495 K at 117
GPa (see below). The position of the band and its damp-
ing (if fitted as one band) does not depend on pressure
and temperature within the error bars.
The Raman spectrum of the η phase obtained on heat-
ing (see below) does not show any trace of the molec-
ular phase (see Fig. 4b). Careful examination of the
spectrum in this case showed a weak broad band at 640
cm−1 in agreement with the data of Ref. 4 and a shoul-
der near 1750 cm−1 (both indicated with arrows in Fig.
3b). The later may indicate the presence of the sec-
ond Raman peak close to the position of the observed
IR band, but can also be due to Raman in the stressed
diamond. The broad two-peak structure of the phonon
spectrum of the material is consistent with its amorphous
nonmolecular nature. For an amorphous state, the spec-
trum observed would closely resemble a density of phonon
states18 with the maxima corresponding roughly to the
zone boundary acoustic and optic vibrations of an under-
lying structure.19 The only lattice dynamics calculations
for hypothetical high-pressure crystalline phases of ni-
trogen are available for the cubic gauche phase,20 and
calculated phonon frequencies are in a good agreement
with our measurements. The vibrational spectroscopy
and band gap structure indicate the absence of a long-
range order. The material can still possess some short-
range order, for example related to pyramidal coordina-
tion of nitrogen atoms. The absence of the long-range
order can be due to the structural flexibility because each
atom forms bonds with only three other atoms out of 6
nearest neighbors.19
We probed the forward and reverse transformation of
the molecular to η phase in different regions of P-T space.
We used IR transmission spectra as diagnostics of the de-
gree of transformation to the nonmolecular phase. The
absence of IR bands corresponding to vibrons and lat-
tice modes of the molecular phase4 was used as a crite-
ria. Since both the molecular and nonmolecular phases
are transparent in the mid-IR, the amount of the phase
present is simply proportional to the amplitude of the cor-
responding IR peaks. This is unlike the situation with
Raman spectra which are attenuated by absorption the
η phase. We examined the transformation at 205 K and
elevated pressures and found that it starts at 155 GPa
and completes at 185 GPa. This is shifted to higher
pressures compared to our 300 K data4 and is in agree-
ment with the trend reported in Ref. 5. The sample
has been cooled down to 10 K at 200 GPa and warmed
up after subsequent release of pressure at 130-150 GPa.
IR and visible transmission spectra and Raman spectra
clearly showed the persistence of η phase without any re-
verse transformation down to 120 GPa. At this point the
pressure dropped to 87 GPa and the sample transformed
instantaneously back to a transparent phase (called ζ
′
here). The molecular nature of this phase is confirmed
by its Raman spectrum (Fig. 4a) although the positions
of the vibron lines do not correspond to those observed on
pressure increase (Fig. 4c). This means that amorphous
phase back transforms to a molecular phase which differs
from the one observed on upstroke. On further release
of pressure (to 60 GPa) we observe the Raman spectra
which are similar to those of ζ or ǫ phases in positions
and intensities of vibron peaks. The quality of the spec-
tra (on pressure release, the sample thins down leading
to the considerable loss of intensity) does not allow to es-
tablish the presence/absence of the weaker vibron modes
characteristic of ζ phase and unambiguously determine
whether ζ
′
phase back transforms to ζ or ǫ phase.
In the heating experiment we first exposed the sam-
ple to 495 K at 117 GPa. The effect of temperature
caused a gradual transformation (starting at 450 K) sim-
ilar to that observed at 300 and 200 K. The comparison
of Raman modes revealed more than a 10-fold decrease
of intensity in the Raman vibrons and no observable lat-
tice modes. Quenching of the sample to room temper-
ature did not change the color and the visible absorp-
tion spectra. Surprisingly, the infrared spectra revealed
the presence of molecular vibrons, indicating an incom-
plete transformation (about 30% of nonmolecular phase
judging from the infrared activity). During the second
heating the sample was completely transformed to the η
phase. Then pressure was dropped to 105 GPa at 460
K causing an instantaneous reverse transformation to a
transparent molecular phase. The spectral positions of
the bands and their number do not correspond to those
observed at this pressure on compression but are simi-
lar to those obtained during the unloading at 300 K (see
above). Increasing pressure to 135 GPa at 510 K drove
the direct transformation into the η phase again.
Fig. 5 summarizes our data for the phase diagram of
nitrogen obtained in a course of extensive P–T measure-
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ments. Substantial hysteresis is observed for the trans-
formation from and back to the molecular phase, so the
observed curves should be treated as kinetic boundaries.
For the direct transformation, our data are in good agree-
ment with the results of visual observations of Ref. 5. Our
high-temperature data show that the hysteresis becomes
quite small at temperatures above 500 K. There is large
hysteresis at lower temperature such that the molecu-
lar ζ phase can be metastably retained beyond the ζ–ζ
′
boundary (above approximately 100 GPa; see also Ref.
5). Thus, the observation of another molecular phase
(ζ
′
) in this P-T conditions means that this phase is ei-
ther kineticaly favored or thermodynamically stable with
respect to the ζ phase.
If the potential barrier between two crystalline phases
is high (molecular dissociation is required in our case),
the transition may be preempted by a transformation to
metastable phase, which may be amorphous.21 This de-
fines an intrinsic stability limit (e.g., spinodal) for the di-
atomic molecular state of nitrogen. In view of the amor-
phous component of the higher pressure phase, the tran-
sition may be considered as a type of pressure-induced
amorphization. As such, the transformation boundary
could track the metastable extension of the melting line
of the molecular phase, and if so it should have a nega-
tive slope (consistent with negative ∆V and positive ∆S
for a transition to dense amorphous state.21) Alterna-
tively, one can view this in terms of an intrinsic (elastic
or dynamical) instability of the structure of the molec-
ular solid. In this sense, the behavior of the material
parallels other amorphizing systems that undergo coor-
dination changes (see Ref. 23).
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FIG. 1. Ruby fluorescence spectrum at pressure 268 GPa
and 300K. Ruby was excited with 730 nm line of Ti:Sapphire
laser.
FIG. 2. Transmission spectra of N2 as a function of tem-
perature. Spectra are shifted vertically for the clarity. The
characteristic peak of the η phase is shaded. Inset (a) shows
the pressure dependence of the absorption spectra of N2 at
very high pressures and room temperature. Gray lines rep-
resent the Tauc fits to the spectra in an appropriate spectral
range. The determination of the energy gap from these mea-
surements is obscured by additional losses caused by a pres-
ence of a fine ruby powder in the chamber. The high-energy
absorption edge is most probably due to stress induced ab-
sorption of diamond anvils 12. (b) Urbach plots at 200 GPa
and different temperatures (shifted vertically). Gray lines are
guides to the eye.
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FIG. 3. Band gap of the η phase as a function of pressure.
Solid circles represent increasing pressure and open circles
decreasing pressure. Linear and quadratic extrapolation are
shown in dashed lines.
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FIG. 4. (a) Raman spectra in the ζ (dotted lines) and ζ
′
(solid lines) phases. (b) Raman spectra of the η phase (indi-
cated with arrows); the fitted curve shows peak at 1700 cm−1.
(c) Raman shifts of molecular phases versus pressure. Dotted
lines represent shifts on compression. Solid lines and open
circles represent shifts on decompression from the η phase.
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FIG. 5. Phase diagram of nitrogen in a wide P–T range.
Filled circles, dashed-dotted lines and arrows are the data
from this work. Open circles and dashed line are from visual
observations of Ref. 5. Arrows show the paths along which the
transformation boundaries were crossed. The length of the
arrow represents the width of the two-phase region or pres-
sure uncertainty (on a pressure release). Phase boundaries
at low pressures are from Refs. 22,24. The phase boundaries
for α, γ and δloc phases are not shown. There is evidence for
further pressure-induced transformations of the high-pressure
molecular ζ phase but the products are believed to be closely
related.15,25 Dotted line is extrapolation of the ζ-η transfor-
mation boundary.
5
